INTRODUCTION
Wnt signaling plays fundamental roles in virtually all aspects of embryonic development and organogenesis (1) . Wnt signaling-dependent transcription is mediated by the nuclear accumulation of b-catenin, which binds to transcription factors of the T cell factor/lymphoid enhancer factor (TCF/LEF) family and serves as a scaffold for an ensemble of cofactors, such as Legless (Lgs) and Pygopus (Pygo), which are important for transcriptional activation (2) . Lgs and Pygo were first identified in Drosophila melanogaster as dedicated cofactors of Armadillo, the fly homolog of b-catenin. Mutation of either lgs or pygo induced a phenotype recapitulating the complete loss of Wnt signaling (3, 4) . A "chain of adaptors" model was proposed, in which TCF, b-catenin, Lgs, and Pygo are successively recruited to the DNA to activate Wnt target gene expression (5) (6) (7) . In this model, the only function of Lgs is to recruit Pygo to b-catenin. However, mutations in the genes encoding homologs of Pygo (Pygo1 and Pygo2, hereafter referred to as Pygo1/2) and Lgs (Bcl9 and Bcl9l, referred to as Bcl9/9l) in the mouse revealed that their loss-of-function phenotype does not always recapitulate the effects of Wnt/b-catenin loss (8) (9) (10) . These proteins are therefore considered to be tissue-specific b-catenin transcriptional effectors (8, 10) .
Tooth development is critically dependent on the Wnt/b-catenin pathway (11) (12) (13) . Wnt ligands are produced in developing teeth, and loss of b-catenin leads to the arrest of odontogenesis at early stages (11) . Teeth develop as a result of sequential and reciprocal interactions between cells of the oral epithelium and mesenchymal cells derived from the cranial neural crest (14) . Odontogenesis in both rodents and humans proceeds through a series of well-defined morphological stages, namely, the bud, cap, bell, and differentiation and mineralization stages (14) . Differentiation of mesenchymal cells gives rise to the dentinproducing odontoblasts, whereas the enamel-forming ameloblasts originate from epithelial cells (14) . In contrast to molars, rodent incisors are continuously growing organs with anatomically distinct and molecularly defined territories, where cell proliferation, differentiation, and maturation events can be easily analyzed. A pool of dental epithelial stem cells located in the proximal part of the incisor (the labial cervical loop) ensures the constant generation of ameloblasts. These cells produce new enamel to compensate for hard tissue loss resulting from mastication. Wnt/b-catenin signaling is a key regulator of incisor epithelial stem cell homeostasis (13) .
Here, we investigated the role of Bcl9/9l and Pygo1/2 during tooth formation and homeostasis using the mouse incisor as a model system. We found that Bcl9/9l and Pygo1/2 were strictly required for amelogenesis (the formation of enamel) and acted independently of the Wnt/ b-catenin pathway. Bcl9/9l and Pygo1/2 functioned in the cytoplasm along the secretory pathway, where they interacted with the enamelspecific protein amelogenin, a crucial actor in amelogenesis. We speculate that Bcl9/9l and Pygo2 might also be key factors important for the secretion of specific proteins in other tissues.
RESULTS
Bcl9/9l and Pygo2 are present in the secretory, differentiated ameloblasts We first analyzed the distribution of b-catenin, Bcl9, Bcl9l, and Pygo2 in the developing mouse incisor (Fig. 1 , A to C) by immunohistochemistry. b-Catenin was detected only in the dental epithelium of the incisor, from the cervical loop, where the stem cells are located, to the most differentiated anterior region, at all the stages analyzed from embryonic day 15.5 (E15.5) to postnatally at day 0 (P0) (Fig. 1, D to F,  and fig. S1 ). Similarly, Bcl9 was present in dental epithelial cells at E15.5 ( Fig. 1G ) and P0 (Fig. 1H) . However, at P0, Bcl9 was restricted to differentiated ameloblasts, where it displayed an asymmetric cytoplasmic distribution, being more abundant in the apical secretory portion of the cells (Fig. 1, H and I, and fig. S1 ). Bcl9l was present at E15.5 throughout the cytoplasm in both the epithelial and mesenchymal cells (Fig. 1 , J to L), but, at P0, its distribution was limited to the dental epithelium. Fig. 1 . The b-catenin cofactors Bcl9, Bcl9l, and Pygo2 are present in the developing tooth. Schematic representation of (A) a mouse incisor at E15.5 and (B) a longitudinal section of a mouse lower incisor at birth (P0). dm, dental mesenchyme; de, dental epithelium; laCL, labial cervical loop; liCL, lingual cervical loop; dp, dental pulp; od, odontoblasts. (C) Schematic representation of the differentiated dental epithelium. si, stratum intermedium; cyt, cytoplasm; nuc, nucleus; am, ameloblast. (D to O) Immunohistochemistry showing the distribution of b-catenin, Bcl9, Bcl9l, and Pygo2 at E15.5 and P0. Each staining shown is representative of at least n = 3 individual mice. (P) Schematic of the complex formed by Pygo, Bcl9/9l, and b-catenin at a target promoter. The gray oval represents the transcription factor TCF/LEF. (Q) Transverse section of hematoxylin and eosin-stained developing wild-type upper incisors at E15.5. (R) Higher-magnification view of boxed tooth germ in (Q). When b-catenin-dependent transcription is blocked in K14-Cre-bcat-dm embryos (S), early tooth development is arrested (T and U). n = 3.
Similarly, Pygo2 was present at E15.5 in both epithelial and mesenchymal cells (Fig. 1M ) but, at P0, was observed only in the cytoplasm of epithelial cells, most notably ameloblasts and the underlying stratum intermedium (Fig. 1, N and O, and fig. S1 ).
Conditional deletion of b-catenin, but not of Bcl9/9l, leads to arrested tooth development Epithelium-specific deletion of the gene encoding b-catenin, Ctnnb1, using the K14-Cre driver caused tooth development to arrest at E14.5 (11) . To distinguish between the role of b-catenin as a transcriptional regulator and its role as a key component of adherens junctions, we exploited a b-catenin double-mutant allele (dm) (3) . This allele encodes a transcriptionally nonfunctional protein that fully retains its structural contribution to adherens junctions (3). In accordance with previously published results, K14-Cre; Ctnnb1 flox/dm mice (K14-b-cat-dm) exhibited arrested incisor development at E14.5 ( Fig. 1, P to U, and fig. S2 ) (11) .
We then investigated whether the b-catenin transcriptional cofactors Bcl9/9l had similar roles in early stages of odontogenesis. For this purpose, we generated mice lacking Bcl9/9l in the epithelium by combining the K14-Cre driver with LoxP-containing alleles of Bcl9/9l (K14-Cre; Bcl9 flox/flox ; Bcl9l flox/flox mice, referred to as K14-Bcl9/9l-flox) (15) . In contrast to the phenotype caused by loss of b-catenin-dependent transcription (K14-b-cat-dm), incisors fully developed in the Bcl9/9l mutant mice ( fig. S3 ). However, these incisors did not have the red-yellow pigmentation that is characteristic of wild-type mouse incisors (K14-Bcl9/9l-control; Fig. 2, A and B) , but instead have a white appearance (Fig. 2, C and D) . These results suggest that Bcl9/9l affect the production and composition of the enamel.
Bcl9/9l and Pygo1/2 act independently of b-catenin to ensure proper enamel formation Enamel is the hardest mineralized tissue in vertebrates and is characterized by a highly organized structure that is necessary for its exceptional hardness and durability. We used scanning electron microscopy (SEM) to investigate possible defects in the structural organization of the enamel in Bcl9/9l mutant mice. Mutant teeth showed a disorganized structure of the enamel, notably abnormalities in the orientation, arrangement, and thickness of the enamel rods (Fig. 2, E to H) . The white and glossy appearance of the incisors in K14-Bcl9/9l-flox mutants additionally suggests lack of iron, an element that increases the hardness of enamel in rodents and contributes to enamel color (16) . We used energy-dispersive x-ray spectroscopy (EDS) to quantify the relative abundance of iron and other elements, such as magnesium (Mg 2+ ) and calcium (Ca 2+ ), throughout the enamel. EDS showed that iron was enriched at the enamel surface and accounted for about 4% of total enamel mass (Fig. 2I ) in incisors from wild-type mice. In contrast, the enamel of incisors from K14-Bcl9/ 9l-flox mice contained less iron (0.5% of its total mass; Fig. 2J ). The relative abundance of all other elements was not affected in the enamel of the mutant incisors (Fig. 2, I and J). Consistent with the observed iron loss and the important role of iron in enamel hardness, incisors of K14-Bcl9/9l-flox mutants showed deterioration of the outermost enamel layer (Fig. 2, F and H) . Histological analysis confirmed this observation, showing the absence of iron pigmentation in mutant incisors (Fig. 2 , K to P).
To investigate the molecular mechanisms that underlie the enamel phenotype in the K14-Bcl9/9l-flox animals, we sought to understand whether Bcl9/9l exerted their roles in enamel formation by interacting with their known partners, b-catenin and Pygo2 (2, 4, 5, 7) . Therefore, we first abrogated the interaction between b-catenin and Bcl9/9l, which is mediated by the HD2 domains of Bcl9 and Bcl9l, by generating a genetic Bcl9/9l model in which these domains are deleted (K14-Cre;
, abbreviated as K14-Bcl9/9l-ΔHD2; Fig. 3A ) (10) . Teeth of K14-Bcl9/9l-ΔHD2 mice did not display any obvious enamel defect and were indistinguishable from those of control littermates (Fig. 3 , B to D). This demonstrates that Bcl9/9l function independently of b-catenin in enamel formation. We next investigated the effect of the other Bcl9/9l interactor, Pygo2, on amelogenesis. Although Pygo1-null mice have no distinguishable phenotype (8) (9) (10) 17) , to prevent any potential redundant role of Pygo1, we induced the simultaneous recombination of both Pygo1 and Pygo2. The K14-Cre-mediated deletion of Pygo1 and Pygo2 (K14-Cre; Pygo1 
Cytoplasmic Bcl9 interacts with ameloblast-specific proteins
The observation that Bcl9/9l affected enamel formation independently of b-catenin-mediated gene transcription, together with the prominent cytoplasmic localization of Bcl9/9l, strongly suggested that Bcl9/9l may interact with molecules localized in the cytoplasm of ameloblasts. To test this, we collected ameloblasts from the incisors of newborn mice, extracted total protein, immunoprecipitated proteins that interacted with Bcl9, and analyzed these proteins by mass spectrometry (MS) ( Fig. 4A and fig. S5 ). The ameloblast-specific Bcl9 interactome was significantly enriched for proteins associated with exocytosis, membranebound vesicles, and extracellular vesicular trafficking (Fig. 4B and  table S1 ). This set of proteins included amelogenin, the main extracellular matrix protein required for enamel development and maturation (Fig. 4 , B and C) (18, 19) . Consistent with the Bcl9/9l phenotype, amelogenin is required for the inclusion of minerals into the growing hydroxyapatite crystals that are the main component of enamel and, furthermore, for directing the organization of the enamel rods (20) . Confocal immunofluorescence was performed to further analyze the possible interaction between amelogenin and Bcl9, and revealed that amelogenin and Bcl9 colocalized in the cytoplasm of secretory, mature ameloblasts (Fig. 4 , D and E), consistent with the association of amelogenin and Bcl9 in these cells. We performed immunolabeling in incisors from K14-Bcl9/9l-flox mice and found that although amelogenin was still present, the pattern of its localization changed. Amelogenin appeared to be less abundant and present in smaller aggregations (Fig. 4F) , suggesting a potential role of Bcl9/9l in amelogenin trafficking and secretion. We confirmed the decreased amount of amelogenin in incisors from K14-Bcl9/9l-flox mice by Western blot analysis (Fig. 4G ). The abundance of Amelx, the transcript encoding amelogenin, was unaffected (Fig. 4H) . Consistently, the abundances of mRNAs encoding other proteins known to be required for enamel formation were also unchanged in the mutants (Fig. 4H) . We interpret these data as an additional indication that Bcl9/9l do not regulate enamel formation by influencing the rate of transcription of enamel-specific genes. Protein fractionation of ameloblasts confirmed that Bcl9 localized exclusively to the cytoplasm, whereas Pygo2 was found in both the cytoplasm and the nucleus of these cells (Fig. 4I ). Bcl9 and Pygo2 appeared to colocalize only near the apical surface of ameloblasts (Fig. 4J) , the same region where Bcl9 also colocalized with amelogenin, suggesting a potential role of the Bcl9-Pygo2 complex in the secretion of enamel components. The hypothesis that cytoplasmic Bcl9/9l act along the secretory pathway is supported by confocal microscopy analysis showing that Bcl9/9l colocalize with calnexin and COP-I, which are markers of the endoplasmic reticulum and Golgi apparatus, respectively (figs. S6 and S7).
DISCUSSION
Here, we investigated the role of the Wnt/b-catenin transcriptional regulators Bcl9/9l and Pygo2 in the continuously growing mouse incisor, a model that allows the simultaneous investigation of processes involved in stem cell function and differentiation. Bcl9/9l and Pygo2 are both present in incisors, in the enamel-producing ameloblasts, where they are predominantly localized to the cytoplasm. The cytoplasmic localization was unexpected, given the role of these proteins as b-catenin transcriptional cofactors, and suggests that Bcl9/9l and Pygo1/2 have a nontranscriptional role in enamel formation.
Previous studies have shown that the loss of b-catenin in the dental epithelium causes tooth development to arrest at E14.5 in mice (11). 
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However, b-catenin is a dual-function protein that both coordinates cell-cell adhesion at adherens junctions and promotes the expression of Wnt-dependent target genes (2) . Consequently, deletion of b-catenin does not allow the contribution of these two distinct roles to be distinguished. We therefore exploited a mutation that produces a form of b-catenin that retains its function at the adherens junction but is unable to act as a transcriptional cofactor (3). We show that the loss of Wnt/ b-catenin-dependent transcription recapitulates the complete deletion of b-catenin, thus conclusively demonstrating that the main role of b-catenin at the onset of odontogenesis is to mediate transcription that is dependent on canonical Wnt signaling.
Bcl9/9l and Pygo2 are important b-catenin transcriptional cofactors. In contrast to what we observed upon loss of b-catenin-dependent transcription, teeth develop in mice lacking Bcl9/9l in the dental epithelium. However, incisors of adult mutant mice displayed severe defects in enamel, such as disorganized hydroxyapatite enamel rods, which in wild-type teeth are arranged in tightly ordered three-dimensional arrays interspersed with interrod enamel. This peculiar arrangement of rods serves to deflect and arrest cracks within enamel, thus ensuring its hardness and resistance to mechanical stresses (21) . Enamel is the most highly mineralized tissue in the mammalian body. It is mainly composed of minerals (97%), water, residual organic molecules, and small amounts of substituting ions that strongly affect its properties (21) . In rodent incisors in particular, iron (Fe 2+ ) deposition is linked to the yellow pigmentation of the outermost layer of enamel and greatly increases its hardness (16) . Moreover, iron provides additional resistance to bacterial toxins and acids, thus inhibiting pathological tooth alterations such as caries (16) . Bcl9/9l mutant enamel is characterized by the nearly complete absence of iron. The combination of structural disorganization and iron deficiency in the enamel of Bcl9/9l mutant mice leads to a severe reduction of its resistance, which can lead to incisor fractures. We interpret this as an important evidence of the decreased enamel hardness in K14-Bcl9/9l-flox mice.
The function of Bcl9/9l in enamel formation is independent of their interaction with b-catenin, as shown by deletion of the Bcl9/9l HD2 domain, which mediates the interaction between b-catenin and Bcl9/9l (10). In contrast, Pygo1/2 deletion recapitulated the enamel defects observed in the Bcl9/9l mutant mice, indicating that Pygo1/2 are important partners of Bcl9/9l in enamel formation. Abrogating the interaction between Bcl9/9l and Pygo1/2 was sufficient to induce defective enamel formation. We thus conclude that Bcl9/9l and Pygo1/2 act together as a functional unit to ensure proper amelogenesis, independently of b-catenindependent transcription. Collectively, our data indicate that Bcl9/9l and Pygo1/2 have fundamental roles in late tooth developmental processes such as enamel formation and maturation, in contrast with the early effects of b-catenin in odontogenesis.
The independence of Bcl9/9l from b-catenin-mediated transcription, together with their cytoplasmic localization in ameloblasts, prompted us to test whether Bcl9/9l interact with other cytoplasmic molecules to exert their specific functions. We found that Bcl9 associates with several proteins involved in exocytosis, membrane-bound vesicles, and trafficking of secretory vesicles. Surprisingly, amelogenin, which is the main extracellular matrix protein required for enamel development and maturation (18, 19) , was among the Bcl9 cytoplasmic interactors that we detected. The importance of this molecule in enamel formation has been highlighted in human pathologies affecting teeth, where mutations in AMELX, the gene encoding amelogenin, cause severe enamel defects collectively referred to as amelogenesis imperfecta (22) . Notably, the enamel phenotype observed upon mutation of Bcl9/9l closely resembles that previously observed in mice harboring a mutation in the N terminus 
of amelogenin (23, 24) . We speculate that the proper function of amelogenin requires its interaction with Bcl9/9l, and perhaps this interaction is mediated by the N-terminal domain of amelogenin. In the incisors of Bcl9/9l mutant mice, both amelogenin localization and abundance appear impaired when compared to control specimens. Nevertheless, the deletion of Bcl9/9l does not lead to significant alterations in the expression of the genes encoding amelogenin or other proteins important for enamel formation, such as ameloblastin, enamelin, kallikrein 4, and MMP20. This is consistent with a nontranscriptional role of Bcl9/9l in amelogenesis, which is further supported by (i) the absence of Bcl9 in the nucleus, (ii) the colocalization of Bcl9/9l with Pygo2 at the apical secretory domain of ameloblasts, and (iii) the colocalization of Bcl9/9l with molecules specific for the Golgi apparatus and endoplasmic reticulum. Although we cannot exclude that Bcl9 and Pygo2 may still retain some nuclear function in this context, we show that they do not participate in b-catenin-dependent transcription during early odontogenesis. At later developmental stages, the Bcl9-Pygo2 complex fine-tunes enamel formation by direct physical interaction with ameloblast-specific proteins without regulating their transcription. It should be interesting to investigate the role of Bcl9/9l and Pygo1/2 in other cell types that produce mineralized extracellular matrices, such as the odontoblasts and osteoblasts.
The requirement for Bcl9/9l and Pygo1/2 in many contexts has been attributed to these proteins acting as transcriptional regulators of Wnt signaling (2, 25, 26) . Our work provides the alternative explanation that Bcl9/9l and Pygo1/2 can act in the cytoplasm, independently of b-catenin, and are key determinants that can regulate developmental processes. Thus, these transcriptional regulators of the highly conserved Wnt signaling pathway can fine-tune late developmental events through a previously undetected cytoplasmic activity (Fig. 4K) . We propose that Bcl9/9l and Pygo1/2 might exert this function by influencing the trafficking or the stability of enamel-building proteins and iron deposition through an as yet unidentified mechanism. This new role could represent an example of exaptation, the co-option of these proteins during the evolution of enamel, a highly specialized material present only in vertebrates (27, 28) . On the other hand, these functions might constitute more general features of Bcl9/9l and Pygo1/2 that have so far been completely overlooked.
Despite their clinical relevance, the molecular mechanisms responsible for the observed variability in tooth properties in humans are essentially unknown. The finely tuned structure of enamel is of crucial importance for its ability to resist insults, such as bacterial toxins, acids, and mechanical stresses that can lead to various dental pathologies. Bcl9/9l and Pygo1/2 are fundamental to maintaining the structural integrity of enamel. It is tantalizing to hypothesize that genetic variations or mutations in the genes encoding these proteins might influence the predisposition to dental defects related to enamel fragility in humans. Thus, as hitherto unrecognized players in the fine-tuning of the enamel structure and composition, Bcl9/9l and Pygo1/2 may contribute to the differential susceptibility to dental pathologies in humans.
MATERIALS AND METHODS
Animals and tissue processing All mice were maintained and handled according to the Swiss Animal Welfare Law and in compliance with the regulations of the Cantonal Veterinary Office, Zurich. The mutant animals used in this study were generated by crossing mutant alleles in Ctnnb1, Bcl9/9l, and Pygo1/2 with a K14-Cre recombinase driver. For the generation of the conditional Bcl9/9l alleles, see the study by Deka et al. (15) ; for the generation of the Pygo1/2 conditional alleles, see the study by Cantù et al. (17) . The Bcl9/9l deletion mutants were generated by Cantù et al. (10) . The b-catenin dm allele (transcriptionally null, "double mutant") was generated by Valenta et al. (3) . To facilitate the complete recombination of the alleles, we generated "K14-Bcl9/9l-flox" mice by crossing the LoxP-containing alleles (K14-Cre; Bcl9 
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flox/KO mice. Embryonic age was determined according to the vaginal plug (day 0) and confirmed by morphological criteria. Pregnant animals were sacrificed by cervical dislocation, and the embryos were surgically removed into Dulbecco's phosphate-buffered saline (PBS; pH 7.4). Dissected heads from the E14.5 and P0 pups were fixed in 4% paraformaldehyde (PFA) in PBS for 24 hours at 4°C.
Adult animals were anesthetized with ketamine/xylazine and perfused with 4% PFA. Heads were then postfixed for up to 7 days in 4% PFA. For immunohistochemical analysis, fixed heads were then decalcified in 10% EDTA, dehydrated, and embedded in paraffin.
Immunohistochemistry
Immunohistochemistry was performed on 5-to 10-mm-thick paraffin sections. Briefly, endogenous peroxidases were quenched in a solution of 0.3% H 2 O 2 in methanol, and heat-induced antigen retrieval in 10 mM trisodium citrate buffer (pH 6.0) was performed. For the staining procedure, the Vectastain ABC Kit was used (ABC Kit, Vector Laboratories). As a chromogenic substrate, SIGMAFAST 3,3′-Diaminobenzidine tablets (D4293, Sigma-Aldrich) were used. Omission of the primary antibody served as a negative control. Stained sections were counterstained with toluidine blue and mounted with Glycergel (C0563, Dako North America Inc.). Pictures were taken using the Leica DFC420C camera and the Leica Application Suite (LAS) software. The following primary antibodies were used: anti-BCL9 (ab54833 or ab37305, Abcam), antiBCL9l (PAB19408, Abnova), anti-Pygo2 (NBP1-46171, Novus Biologicals), anti-b-catenin (clone 14, 610154, BD), anti-amelogenin X (ab153915, Abcam), anti-COP-I (ab6323, Abcam), and anti-calnexin (ab31290, Abcam).
Immunofluorescence
Immunofluorescence was performed on 5-to 10-mm-thick paraffin sections. Heat-induced antigen retrieval in 10 mM trisodium citrate buffer (pH 6.0) was performed, followed by blocking in a solution of PBS + 2% normal goat/donkey serum + 0.5% Tween 20. The sections were then incubated with primary antibodies (see above) dissolved in blocking solution overnight at 4°C. After extensive washing with PBS, the sections were then incubated with a fluorescently labeled secondary antibody (Alexa 488 goat anti-mouse and Alexa 555 goat anti-rabbit, 1:500). Nuclei were stained with 4′,6-diamidino-2-phenylindole (1:1000, Sigma-Aldrich Chemie). Slides were mounted with FluorSave Reagent (345789, Merck Millipore) and imaged with a Zeiss LSM 710 confocal microscope, using a pinhole size of 1 airy unit to capture emission wavelength deriving from a single focal plane.
Western blot
Total protein extracts were prepared according to standard protocols. Cytoplasmic versus nuclear protein fractionation was performed as previously described (17) , and proteins were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) separation and blotting. The following antibodies were used: anti-Pygo2 (NBP1-46171, Novus Biological; sc-74878, Santa Cruz Biotechnology), anti-BCL9 (ab54833 or ab37305, Abcam), antihistone H4 (Upstate), anti-keratin 5 (PRB-160P, BioLegend), and antiamelogenin X (ab153915, Abcam). Antibody binding was detected by using an appropriate horseradish peroxidase-conjugated IgG and revealed by ECL (GE Healthcare).
Microcomputed tomography
Adult perfused mouse heads were washed in PBS and progressively dehydrated to 70% ethanol for microcomputed tomography (mCT) analysis. The mCT scans were performed using a commercially available mCT unit (Specimen mCT 40, Scanco Medical), with all imaging parameters kept identical during all examinations (tube voltage, 70 kV; tube current, 114 mA; isotropic resolution, 18 mm). The original images were converted into the RAW format using the proprietary software of the mCT device and imported in the three-dimensional reconstruction program VGStudio MAX (Volume Graphics). All the analyzed samples were segmented manually using wild-type teeth as reference for the graylevel values corresponding to the single mineralized tissues (enamel, dentin, and bone).
Backscattered SEM and elemental analysis
Fully mineralized lower hemijaws were dissected from perfused adult (about 3 months of age) K14-Bcl9/9l-flox, K14-Bcl9/9l-ΔHD2, and K14-Pygo1/2-flox and the respective Bcl9/9l-flox, Bcl9/9l-ΔHD2, and Pygo1/2-flox controls. Soft tissues were removed manually. The lower jaws were then dehydrated and embedded in Technovit 7200 VLC (Heraeus Kulzer). Light-polymerized blocks were mounted on aluminum stubs, polished, and coated with a 10-to 15-nm-thick layer of carbon. Thereafter, they were examined using a Tescan EGATS5316 XMSEM operated in backscattered electron mode. Elemental composition of enamel was analyzed with the aid of EDS. A Si(Li) detector (Oxford Instruments) served for recording EDS spectra using an accelerating voltage of 7 kV, a working distance of 23 mm, and a counting time of 100 s. For the quantitative analysis of these spectra, the INCA energy software (Oxford Instruments) was used.
Immunoprecipitation and MS
Dissected ameloblasts were minced in cold PBS and treated with a hypotonic lysis buffer (20 mM tris-HCl, 75 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 0.5% NP-40, and 5% glycerol). Protein extracts obtained were incubated with 1 mg of anti-BCL9 antibody (ab54833 or ab37305, Abcam) and protein A-conjugated Sepharose beads (GE Healthcare); they were then diluted in lysis buffer to a final volume of 1 ml. After 4 hours of incubation at 4°C on a rotating wheel, the beads were spun down and washed three times in lysis buffer. All steps were performed on ice, and all buffers were supplemented with fresh protease inhibitors (cOmplete, Roche) and 1 mM phenylmethylsulfonyl fluoride. For detecting the proteins in Western blot, the pulldown reactions were treated with Laemmli buffer, boiled at 95°C for 15 min, and subjected to SDS-PAGE separation and blotting on a polyvinylidene difluoride (PVDF) membrane. The PVDF membrane was probed with the anti-amelogenin X.
For liquid chromatography-MS/MS analysis, the protein samples, already dissolved in Laemmli buffer, were submitted to a filter-aided sample preparation (FASP) as described in (29) and digested with trypsin in 100 mM triethylammonium bicarbonate buffer overnight. Desalted samples were dried completely in a vacuum centrifuge and reconstituted with 50 ml of 3% acetonitrile and 0.1% formic acid. Each peptide solution (4 ml) was analyzed on both Q Exactive and Fusion mass spectrometers (Thermo Scientific) coupled to EASY-nLC 1000 (Thermo Scientific). On the Q Exactive, full-scan MS spectra were acquired in profile mode from 300 to 1700 mass/charge ratio (m/z) with an automatic gain control target of 3 × 10 6 , an Orbitrap resolution of 70,000 (at 200 m/z), and a maximum injection time of 120 ms. The 12 most intense multiply charged (z = +2 to +8) precursor ions from each full scan were selected for higher-energy collisional dissociation fragmentation with a normalized collision energy of 30 arbitrary unit. Generated fragment ions were scanned with an Orbitrap resolution of 35,000 (at 200 m/z), an automatic gain control value of 5 × 10 4 , and a maximum injection time of 120 ms. The isolation window for precursor ions was set to 2.0 m/z, and the underfill ratio was at 1% (referring to an intensity of 4.2 × 10 3 ). Each fragmented precursor ion was set onto the dynamic exclusion list for 90 s. For the Orbitrap Fusion, the "Universal Method" as described in (30) was applied. Peptide separation on both instruments was achieved by reversed-phase high-performance liquid chromatography on an in-house packed C18 column (150 mm × 75 mm, 1.9 mm, C-18 AQ, 120 Ǻ ; Dr. Maisch GmbH). Samples were loaded with maximum speed at a pressure restriction of 400 bar and separated with a linear gradient from 3 to 25% solvent B (0.1% formic acid in acetonitrile, Biosolve BV) in solvent A (0.1% formic acid in H 2 O, Biosolve BV) at a flow rate of 250 nl/min. The column was washed after the separation by flushing with 95% solvent B for 10 min, automatically equilibrated before the next injection, and exported to mgf (Mascot generic format) format for subsequent database search.
Peak lists were extracted from the instrument raw files using ProteomeDiscoverer (version 1.4) in combination with the FCC [FGCZ (Functional Genomics Center Zurich) Converter Control] (31) and exported to mgf format for subsequent database search. All MS/MS samples were analyzed using Mascot (Matrix Science, version 2.4.1). Mascot was set up to search the fgcz_10090_20140715 database (http://fgcz-s-021. uzh.ch/fasta/fgcz_10090_20140715.fasta, 51,806 entries), assuming the digestion enzyme trypsin, and the fgcz_10090_d_20140715 database (http://fgcz-s-021.uzh.ch/fasta/fgcz_10090_d_20140715.fasta, 103,351 entries), also assuming trypsin. Mascot was searched with a fragment ion mass tolerance of 0.050 Da and a parent ion tolerance of 10.0 parts per million. Carbamidomethyl of cysteine was specified in Mascot as a fixed modification. Oxidation of methionine was specified in Mascot as a variable modification. Scaffold (version Scaffold_4.4.1, Proteome Software Inc.) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95% probability by the PeptideProphet algorithm (32) with Scaffold delta-mass correction. Protein identifications were accepted if they could be established at greater than 95.0% probability and contained at least two identified peptides. Protein probabilities were assigned by the ProteinProphet algorithm (33) . Proteins that contained similar peptides and could not be differentiated on the basis of MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters. DAVID (Database for Annotation, Visualization and Integrated Discovery) software (version DAVID 6.7, http://david.ncifcrf.gov) was used to determine whether a gene product is located in or is a subcomponent of a particular cellular component. The MS data have been deposited in the PRIDE (Proteomics Identifications) Archive database (34) with the data set identifier PXD005449.
RNA isolation and qRT-PCR
Total RNA was isolated from incisors dissected from pups using the RNeasy Plus Universal Mini Kit (Qiagen) and further purified by ethanol precipitation. RNA retrotranscription was performed using the iScript Reverse Transcription Kit (Bio-Rad). qRT-PCR was performed in the Illumina Eco Real-Time PCR System (Illumina), using Power SYBR Green (Life Technologies) as reaction mix. The following primers were used: amelogenin X (5′-CCCTACCACCTCATCCTGGA-3′, 5′-GAGGCTGAAGGGTGTGACTC-3′), ameloblastin (5′-AGTGAAAA-TGAGCCTCGCCG-3′, 5′-CGTTGAGTCCCTGCAAGCTT-3′), enamelin (5′-GTCTCTGCTGCCATGCCATT-3′, 5′-GGAGGGTACTGTGGAGG-CAT-3′), kallikrein 4 (5′-TTGCAAACGATCTCATGCTC-3′, 5′-TGA-GGTGGTACACAGGGTCA-3′), and MMP20 (5′-CTTTCCCCAGCT-AATGTCCA-3′, 5′-CTTGGGAACCCGAAGTCATA-3′). For a comparison of the groups, a multiple t test analysis was performed using GraphPad Prism version 6.05 (GraphPad Software Inc.). Data were considered significant at P < 0.05.
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www.sciencesignaling.org/cgi/content/full/10/465/eaah4598/DC1 Fig. S1 . Bcl9 and Pygo2 are present in differentiated, secretory ameloblasts but not in the stem cell niche. Fig. S2 . b-Catenin transcriptional output is required for early tooth development. Fig. S3 . K14-Cre-mediated deletion of Bcl9/9l does not cause early tooth development arrest. Fig. S4 . The Bcl9/9l-Pygo1/2 interaction is required for proper enamel formation. Table S1 . Proteins found in two independent pulldown experiments using an antibody recognizing Bcl9 and subtracting the proteins retrieved by pulldown with control preimmune IgG.
